Nucleoside analogue reverse transcriptase inhibitors are an integral component of combination antiretroviral treatment regimens. However, their ability to inhibit polymerase-c has been associated with several mitochondrial toxicities, including potentially life-threatening lactic acidosis. A total of 650 antiretroviral-naive adults (69% female) initiated combination antiretroviral therapy (cART) and were intensively screened for toxicities including lactic acidosis as part of a 3-year clinical trial in Botswana. Patients were categorized as no lactic acidosis symptoms, minor symptoms but lactate < 4.4 mmol/liter, and symptoms with lactate ‡ 4.4 mmol/liter [moderate to severe symptomatic hyperlactatemia (SH) or lactic acidosis (LA)]. Of 650 participants 111 (17.1%) developed symptoms and/or laboratory results suggestive of lactic acidosis and had a serum lactate drawn; 97 (87.4%) of these were female. There were 20 events, 13 having SH and 7 with LA; all 20 (100%) were female ( p < 0.001). Cox proportional hazard analysis limited to the 451 females revealed that having a higher baseline BMI was predictive for the development of SH/LA [aHR = 1.17 per one-unit increase (1.08-1.25), p < 0.0001]. Ordered logistic regression performed among all 650 patients revealed that having a lower baseline hemoglobin [aOR = 1.28 per one-unit decrease (1.1-1.49), p = 0.002] and being randomized to d4T/3TC-based cART [aOR = 1.76 relative to ZDV/3TC (1.03-3.01), p = 0.04] were predictive of the symptoms and/or the development of SH/ LA. cART-treated women in sub-Saharan Africa, especially those having higher body mass indices, should receive additional monitoring for SH/LA. Women presently receiving d4T/3TC-based cART in such settings also warrant more intensive monitoring.
Introduction
N ucleoside analogue reverse transcriptase inhibitors (NRTIs) are effective antiretroviral therapies for the treatment of HIV-1-infected adults and are central to effective combination antiretroviral therapy (cART). NRTIs continue to be a critical component of ART regimens as cART is rolled out in resource-limited settings with medications such as stavudine (d4T) being extensively used due to its favorable cost and formulation benefits. [1] [2] [3] Active intracellular anabolites of approved NRTIs block viral replication by competing with cellular deoxynucleotide triphosphates (dNTP) for incorporation into proviral DNA, and are specific for HIV-1 reverse transcriptase. [4] [5] [6] However, their ability to inhibit human mitochondrial polymerase-c, resulting in impaired synthesis of mitochondrial enzymes that generate ATP by oxidative phosphorylation, has been associated with several long-term mitochondrial toxicities. 4, 6, 7 These include lactic acidosis, myopathy, pancreatitis, peripheral neuropathy, and lipoatrophy. 4 Lactic acidosis is one of the most serious mitochondrial toxicities with a recently published systematic review documenting an 1 overall case fatality rate of 48%. 8 Symptomatic cART-treated patients identified as having significantly elevated serum lactate concentrations (greater than 10.0 mmol/liter) have a documented mortality rate of 80%. 9 Higher rates of symptomatic hyperlactatemia (20.2 cases per 1000 person-years) and lactic acidosis (10.6 cases per 1000 person-years) have been reported among southern African cART-treated adults, 10 particularly among overweight females. [10] [11] [12] [13] [14] [15] In addition to female sex and obesity, the use of the NRTIs d4T and/or didanosine (ddI), advanced age (greater than 40 years of age), pregnancy, prolonged cART duration, reduced creatinine clearance, and advanced immunosuppression (baseline CD4
+ cell count values less than 100 cells/ mm 3 ) have also been shown to be risk factors for the development of lactic acidosis. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The Adult Antiretroviral Treatment and Drug Resistance (Tshepo) study was an open-label, randomized, factorial design study conducted at Princess Marina Hospital in Gaborone, Botswana. Preliminary findings have shown that cART-treated adults enrolled in the Tshepo study had higher than expected rates of lactic acidosis, specifically among overweight (body mass indices greater than 25) females. 19 Herein, we report predictive model data of risk factors for the development of moderate to severe symptomatic hyperlactatemia/lactic acidosis for the completed study.
Materials and Methods

Study population
The Botswana cohort consisted of patients enrolled in the completed Adult Antiretroviral Treatment and Drug Resistance (''Tshepo'') study between December 1, 2002 and December 31, 2007. 20 Tshepo was an open-label, randomized, 3 · 2 · 2 factorial design study conducted at Princess Marina Hospital in Gaborone, Botswana evaluating the efficacy, tolerability, and incidence of drug resistance mutations among six different first-line cART regimens: zidovudine, lamuvidine, plus nevirapine (ZDV/3TC/NVP); zidovudine, lamuvidine, plus efavirenz (ZDV/3TC/EFV); zidovudine, didanosine, plus nevirapine (ZDV/ddI/NVP); zidovudine, didanosine, plus efavirenz (ZDV/ddI/EFV); stavudine, lamuvidine, plus nevirapine (d4T/3TC/NVP); and stavudine, lamuvidine, plus efavirenz (d4T/3TC/EFV). The study also compared two different adherence strategies: intensified adherence arm; standard-of-care plus community-based supervision (ComDOT) versus standard-of-care (SOC) to determine the optimal means of promoting adherence among adults receiving first-line cART.
All study participants were followed for 3 years with monthly scheduled study visits. There were two CD4 + cell count strata: (1) study participants either qualified for cART based on existing Botswana national antiretroviral (ARV) treatment guidelines, 21, 22 namely, an AIDS-defining illness and/or CD4 + cell count £ 200 cells/mm 3 , or they met (2) the study eligibility criteria of having a CD4
+ cell count between 201 and 350 cells/mm 3 and a corresponding plasma HIV-1 RNA level > 55,000 copies/ml, which was consistent with consensus United States adult treatment guidelines at the time the study was designed.
The primary endpoints of the original trial were development of virologic failure with genotypic drug resistance and development of treatment-related toxicity, as defined by the first incidence of a grade 3 or higher adverse event. Secondary endpoints were death for any reason and time to nonadherence (namely, an estimated adherence of less than 90%). Primary analyses of efficacy endpoints were performed on an ''intent-to-treat'' basis. 3 and a plasma HIV-1 viral load > 55,000 copies/ml; hemoglobin ‡ 8.0 g/dl, absolute neutrophil count ‡ 1.0 · 10 3 / mm 3 , creatinine level less than two times the upper limit of normal ( £ 200 lmol/liter), and serum SGPT (ALT) and SGOT (AST) values less than five times the upper limit of normal, 205 U/liter and 170 U/liter, respectively. Inclusion criteria for women of child-bearing potential included the following: nonpregnant, at least 6 months postpartum, and a willingness to maintain active contraception throughout the duration of the study.
Inclusion criteria
Exclusion criteria
Exclusion criteria were presumed or confirmed visceral, but not mucocutaneous, Kaposi's sarcoma and a diagnosis of ‡ Grade 2 peripheral neuropathy within 1 month of enrollment.
All enrolled study participants underwent routinely scheduled safety (toxicity) monitoring. They had comprehensive chemistry and hematology specimens drawn as follows after cART initiation: scheduled comprehensive chemistry and hematology tests monthly for the first 6 months, then every 2 months for the next 6 months (6-12 months following cART initiation), and then every 4 months for the remainder of the study follow-up (12-36 months following cART initiation). In addition, all patients with any one or more out-of-range chemistry and/or hematology results were immediately called in for clinical assessment and confirmatory blood draw.
A serum lactate was immediately drawn on all cARTtreated Tshepo study participants who developed one or more of the following symptoms and/or laboratory abnormalities suggestive of underlying lactatemia: grade 3 or higher SGPT (ALT) and/or SGOT (AST), grade 3 or higher LDH; serum bicarbonate level less than 20.0 mmol/liter, nausea/emesis, increased fatigue, dyspnea, muscle weakness, and/or paralysis of the lower extremities. Venous plasma lactates were obtained according to the AIDS Clinical Trials Group protocol 23 and were measured by a colorimetric assay using the Roche Integra 400 Plus (Roche Diagnostics, Mannheim, Germany).
Definitions
Moderate to severe symptomatic hyperlactatemia (SH). Screened patients found to have a serum lactate level greater than twice the upper limit of normal ( ‡ 4.40 mmol/liter) with associated symptoms (as described above), and based on additional laboratory testing (serum bicarbonate and/or arterial/venous pH testing) without evidence of acidosis, namely having a serum pH > 7.35 and/or serum bicarbonate 760 WESTER ET AL.
> 20 mmol/liter, were diagnosed as having moderate to severe symptomatic hyperlactatemia.
Lactic acidosis (LA). Screened patients found to have a serum lactate level ‡ 4.40 mmol/liter with one or more positive symptoms with evidence of acidosis, namely a serum pH < 7.35 and/or serum bicarbonate less than 20 mmol/liter, were diagnosed as having lactic acidosis.
Statistical considerations
We analyzed time to moderate to severe symptomatic hyperlactatemia (SH) or lactic acidosis (LA) using a Cox proportional hazard model, with the time to the SH or LA event being determined as the time of a first lactate test result of 4.40 mmol/liter or more. Twenty subjects had an event based on this definition. Subjects who did not have the event were censored at the end of the study or time lost to follow-up. Since SH or LA occurred only in women, we analyzed the risk for the development of SH/LA only among female Tshepo study participants (n = 451 total). The model included age, body mass index (BMI), and the nucleoside backbone to which the study participants were randomized (ZDV/3TC versus ZDV/ddI versus d4T/3TC) as a priori defined risk factors. Age and BMI were included as continuous variables. Missing values of BMI [4 (0.06%) of 650] were imputed using multiple imputation.
In addition, we analyzed for the presence of clinical symptoms and/or laboratory abnormalities suggestive of possible underlying SH/LA (''symptoms'') and/or having an SH/LA event (''development of SH/LA'') in the entire study population (n = 650) using ordered logistic regression. The outcome had three levels: (1) a subject was never screened for lactic acidosis (n = 539 subjects); (2) a subject was screened because of suggestive clinical symptoms and/or laboratory abnormalities, but the laboratory test result never exceeded 4.4 mmol/liter (n = 91 subjects); and (3) a subject was screened and the serum lactate result was greater than or equal to 4.4 mmol/liter (n = 20 subjects). Nucleoside backbone (ZDV/3TC versus ZDV/ddI versus d4T/3TC), nonnucleoside type (NVP versus EFV), adherence strata (SOC versus ComDOT), age, sex, BMI, CD4
+ cell count, viral load (plasma HIV-1 RNA), and hemoglobin were a priori chosen for inclusion in the ordered logistic model. Missing values of BMI (4), viral load (1), and hemoglobin (13) were imputed using multiple imputation. The viral load was log 10 transformed. Age, BMI, CD4 + cell count, viral load, and hemoglobin were included as continuous variables. Nonlinearity was assessed for these variables using restricted cubic splines; there was no evidence to suggest nonlinear relationships, so these variables were included as linear terms.
p-values less than 0.05 were considered to be statistically significant. Analyses were conducted using SAS statistical software (version 9.2, SAS Institute, Cary, NC) and R statistical software (version 2.9.0, www.r-project.org). ); 325 participants were randomized to the intensified adherence (Com-DOT) arm.
Follow-up
Study follow-up was approximately 1774 person-years, with a median follow-up time of 156 weeks (IQR 156-157). Ninetyeight percent of all scheduled follow-up visits were attended. During the study, 54 (8.3%) of the 650 enrolled patients were lost to follow-up with regard to primary endpoint information. Of the 54, 26 (48%) had moved out of the study catchment area, 9 (16.7%) declined further participation, and for 19 (35.2%), no further information was available despite repeated attempts by the study team to contact them. The sociodemographic and clinical characteristics of participants who were lost to follow-up did not statistically differ from those who completed the trial.
Moderate to severe symptomatic hyperlactatemia and lactic acidosis outcomes During the 3 years of follow-up, 111 study participants had a total of 208 serum lactate levels drawn during routine screening for the presence of SH/LA. Fourteen (12.6%) of the 111 screened participants were male, with the remainder (n = 97; 87.4%) being female. Twenty (19.8%) of these 111 patients had at least one serum lactate level that was greater than twice the upper limits of normal ( ‡ 4.40 mmol/liter), and therefore met our event definition. These 20 study participants having a defined study event had a total of 74 serum lactates drawn.
Of these 20 total screening events in which moderate to severe serum lactate results ( ‡ 4.40 mmol/liter) were obtained, 13 (65%) were classified as SH and 7 (35%) were diagnosed as LA ( Table 2 ). All 20 (100%) were female. At baseline, the median age was 37 years (IQR 32-45 years), the median BMI was 28 (IQR 23-33), and the median time on cART was 8.5 months (IQR 7.2-20.4 months). At the time of their SH or LA event, these 20 patients had a median serum lactate level of 5 (IQR 3-6 mmol/liter). Six (30%) of the 20 study participants experiencing an event died, with five of the six deaths (83%) being deemed related to ARV treatment (four lactic acidosis and one fulminant hepatic failure). One death was unrelated to ARV treatment, as this patient died from complications of active pulmonary tuberculosis ( Table 2) .
Four of the seven (57%) patients diagnosed with LA died as a result of this acute event. Of note, all four of these patients also had a comorbid diagnosis of severe clinical pancreatitis (hemorrhagic) with each having clinical symptoms (nausea, vomiting, and/or abdominal pains) and grade 3/4 serum lipase elevations at the time of their demise. Three (75%) of the four patients experiencing mortality as a result of their lactic acidosis event had been receiving ''D'' drugs [namely, stavudine (d4T), didanosine (ddI), or both] prior to their death, with two having received d4T/3TC-based cART, one having received ddI/ZDV-based cART, and the fourth having received both ddI and d4T together as part of their second-line (protease inhibitor-containing) regimen ( Table 2) . Four of the seven (57%) patients diagnosed with LA also had a new diagnosis of grade 2 or higher peripheral neuropathy at the time their diagnosis of lactic acidosis was made.
Sex was a significant predictor of SH/LA as 4.4% (20/ 451) of females and 0% (0/199) of males had the event ( p < 0.001, Fisher's exact test). Among women, having a higher baseline BMI was predictive for the development of SH/LA (aHR = 1.17 per 1-unit increase; 95% CI: 1.08-1.25, p < 0.0001) ( Table 3) . 
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Additional analyses categorized outcomes as (1) no symptoms, (2) being ''screened'' for SH/LA due to symptoms but lactate < 4.4, or (3) SH/LA. Female sex and higher baseline BMI were predictive of symptoms and/or the development of SH/ LA in these analyses [adjusted odds ratio (aOR) = 2.11, 95% CI: 1.09-4.08, p = 0.028; and 1.09, 95% CI: 1.04-1.14, p < 0.001, respectively]. Randomization to d4T/3TC-based cART (aOR = 1.76 relative to ZDV/3TC; 95% CI: 1.03-3.01, p = 0.04) and having a lower baseline hemoglobin (aOR = 1.28 per 1-unit decrease; 95%; CI 1.1-1.49, p = 0.002) were also predictive of symptoms and/or the development of SH/LA (Table 4) .
Subjects who survived their episode of SH or LA resumed ART with a regimen that included one of the following dual NRTI combinations (tenofovir/emtricitabine, tenofovir/lamuvidine, abacavir/lamuvidine, or tenofovir/abacavir) plus lopinavir/ritonavir (Kaletra or Aluvia when this heat-stable formulation became available). All patients continued to have plasma HIV-1 viral load levels below 400 copies/ml, along with excellent immunologic recovery.
Discussion
Preliminary data from Botswana and South Africa have shown that cART-treated adults have higher than expected rates of lactic acidosis (1.0-1.1%) when compared to rates previously described elsewhere. [10] [11] [12] [13] [14] [15] 19, 23 There also appears to be a strong association between the risk for this potentially lifethreatening toxicity and sex and body habitus, with overweight (BMI > 25) females being at a significantly higher risk for toxicity. [10] [11] [12] [13] [14] [15] 19, 23 More in-depth studies are needed to further elucidate risk, as the strong association with female sex appears to be largely driven by baseline body compositional differences; approximately 2.5 times more females (26.4% of females compared to 10.1% of males) had baseline BMIs greater than 25. Host genetic predisposition may also contribute to these distinct risk susceptibility differences, especially as risk for the development of lactic acidosis has been previously associated with genetic variation among those with inherited mitochondrial DNA disorders [i.e., mitochondrial encephalopathy, lactic acidosis, and stroke (MELAS) syndrome and the A3243G point mutation] as well as persons treated with other potentially causative medications (i.e., the association between the mitochondrial DNA A2706G polymorphism and linezolid-induced lactic acidosis and plasma lactate concentrations and SLC22A2 gene 808 G/T variants among metformin-treated adults). [24] [25] [26] Among urban Botswana cART-treated clinical trial participants, being female and overweight (i.e., having a higher baseline BMI) were strongly predictive for the development of SH or LA. As national care and treatment programs continue to expand in sub-Saharan Africa, it will be of paramount importance to establish and maintain longitudinal toxicity registries in order to monitor rates of these and other potentially life-threatening toxicities (i.e., nevirapine cutaneous hypersensitivity and hepatotoxicity, as well as tenofovir-associated bone mineral density abnormalities and renal toxicity). In the majority of sub-Saharan African countries, proportionately more females are receiving cART than men, even when accounting for the higher HIV-1 prevalence rates among women. In addition, as national programs scale up, higher proportions of cART-treated adults will be receiving care at primary and secondary-level healthcare facilities, where limited laboratory capacity exists for obtaining serum lactate levels. In such settings, until d4T prescription has been fully phased out, the routine use of validated point-of-care lactate devices for screening persons at risk for the development of SH/LA warrants serious consideration. Risk factors significantly associated ( p < 0.05) with the development of SH/LA. ZDV, zidovudine; 3TC, lamuvidine; ddI, didanosine; d4T, stavudine; NVP, nevirapine; EFV, efavirenz; SOC, standard-of-care; ComDOT, intensified adherence strategy, namely SOC plus community-based cART supervision; NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, nonnucleoside reverse transcriptase inhibitor.
One potential limitation includes the possibility of selection bias, due to the fact that all patients experiencing an SH or LA event were female. Of note, all 650 patients randomized to receive cART in this clinical trial were intensively screened for the presence of ARV-related toxicities, including the development of lactic acidosis, as the development of a treatmentmodifying toxicity (specifically, the first incidence of a grade 3 or higher adverse event) was a primary outcome of the study. The majority of patients (87.4%) undergoing additional screening were female, specifically, the 111 having signs/ symptoms and/or laboratory abnormalities suggestive of underlying lactic acidosis and having a serum lactate level drawn. However, 14 males did have serum lactate levels drawn, with similar proportions of them (as compared to females) having clinical sign/symptoms and/or laboratory abnormalities as their triggering event, realizing that the presence of one or more grade 3 or higher laboratory events [SGPT (ALT), SGOT (AST), LDH; and/or serum bicarbonate level less than 20.0 mmol/liter] was entirely nonsubjective, i.e., meeting the threshold for additional screening based on these protocol-mandated laboratory cutoff values was all based on existing Division of AIDS toxicity/laboratory grading scales, thus limiting the chance for selection bias in this uniformly screened study population. Certainly, treating study clinicians could have had ''last-case'' bias when screening their next patient for the presence of lactic acidosis based on the clinical and/or laboratory characteristics of the patient they most recently cared for that did experience an SH or LA event (i.e., being female and/or overweight). We are also not able to compare SH/LA event rates among overweight cART-treated females in our study to those not receiving cART in our setting, as our team intensively monitored clinical trial participants only once they initiated cART (at the time of study enrollment/randomization).
In summary, being female and having a higher baseline BMI are predictive for the development of SH/LA. Our results suggest that d4T/3TC-based cART and anemia may also be associated with the symptoms and/or the development of SH/LA. In southern Africa, it may be prudent not to prescribe d4T-based cART to ''at-risk'' patients. Additional studies including an evaluation of host genetic factors are ongoing to further elucidate this risk.
